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We use femtosecond resonant soft x-ray scattering to measure the ultrafast optical melting of
charge-order correlations in La1.875Ba0.125CuO4. By analyzing both the energy-resolved and energy-
integrated order parameter dynamics, we find evidence of a short-lived nonequilibrium state, whose
features are compatible with a sliding charge density wave coherently set in motion by the pump.
This transient state exhibits shifts in both the quasielastic line energy and its wave vector, as
expected from a classical Doppler effect. The wave vector change is indeed found to directly follow
the pump propagation direction. These results demonstrate the existence of sliding charge order
behavior in an unconventional charge density wave system and underscore the power of ultrafast
optical excitation as a tool to coherently manipulate electronic condensates.
I. INTRODUCTION
Charge carriers in quantum materials are often found
to self-organize into ordered electronic phases, such as ne-
matic states, Wigner crystals, superconductivity, charge-
density waves (CDWs), spin density waves. Of particular
interest are not only their emergent collective properties,
but also their manipulation through a variety of control
protocols (e.g. pressure, doping, temperature, and exter-
nal fields)1,2.
When focusing on the response to external fields or
currents, charge density waves (CDWs) represent a pro-
totypical system for understanding the effects of these
perturbations. Conventional CDWs are usually pinned
to the lattice due to commensuration effects or to local
impurities. If an applied electric field exceeds the pinning
potential (i.e. for electric fields of a few V/cm), the CDW
is depinned and free to slide with respect to the lattice3–5.
This sliding behavior is accompanied by nonlinear trans-
port signatures (e.g. non-Ohmic behavior of the current-
voltage characteristics) and changes of the CDW peri-
odicity, as documented in experiments on conventional
CDW systems, such as NbSe3
6–9, K0.3MoO3
10,11, and el-
emental Cr12.
More recently, ultrafast lasers with peak electric fields
in excess of several MV/cm have been applied to the
study of charge ordered (CO) phases. They have enabled
the observation of coherent collective order parameter
dynamics following a sudden quench both with optical
methods13–15 and x-ray scattering16–19. In the specific
case of copper oxides, near- and midinfrared pump pulses
have been used to transiently enhance superconductivity
above the equilibrium transition temperatures20–23 and
simultaneously melt the CO correlations24,25. While ul-
trafast lasers can efficiently suppress the CO phase, it is
not yet clear whether their peak fields are able to pro-
duce a coherent quasielastic dynamics of the condensate
at ultrafast timescales.
To investigate this issue, we focus on the CO phase of
La1.875Ba0.125CuO4 (LBCO). With a correlation length
reaching hundreds of lattice parameters, the incommen-
surate CO of this copper oxide superconductor is usu-
ally regarded as “static”26,27, with a well-defined order
parameter peak in momentum space. The crystal used
here orders below TCO = 53 K, which coincides with an
orthorhombic-to-tetragonal structural transition26–28.
Here, we use resonant time-resolved soft x-ray scat-
tering, combined with both energy-resolved and energy-
integrating detection, to analyze the in-plane pump-
induced dynamics of CO in LBCO. We previously re-
ported evidence of CO fluctuations at sub-meV energies29
by studying the relaxation behavior at long time delays.
In this work we focus on transient quasielastic scattering
shifts in both energy and momentum immediately after
the pump arrival. We argue that these pump-induced
changes are compatible with a Doppler effect caused by
a field-induced sliding motion of the CO condensate.
II. EXPERIMENTAL DETAILS
A high-quality boule of LBCO was grown by the float-
ing zone method and cut into smaller single crystals27.
The 2-mm-sized single crystal used in this study was
cleaved in air in order to expose a fresh surface, miscut
by 21 degrees with respect to the ab crystalline plane,
and it was pre-oriented using a laboratory-based Cu Kα
x-ray source. The lattice parameters were determined to
be a=b=3.787 A˚ and c=13.23 A˚ . The superconducting
Tc, measured with a SQUID magnetometer, was found
to be approximately 5 K.
Optical pump, soft x-ray probe measurements have
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FIG. 1. (color online) Sketch of the experiment. The LBCO
charge order is perturbed by 1.55 eV pump pulses and then
probed by scattering of co-propagating soft x-ray FEL pulses
resonantly tuned to the Cu L3/2 edge. Both pump and probe
pulses are p-polarized in the scattering plane.
been performed at the Soft X-Ray (SXR) instrument of
the Linac Coherent Light Source (LCLS) x-ray free elec-
tron laser (FEL) at the SLAC National Accelerator Lab-
oratory (Menlo Park, USA)30. Our measurements were
carried out at a resonant soft x-ray scattering (RSXS)
endstation31 in a 3×10−9 Torr vacuum and at 12 K base
temperature. The free electron laser was tuned to the
Cu L3/2 edge (931.5 eV) and with a 0.3 eV bandwidth
after passing through a grating monochromator. The p
polarized x-ray pulses (60 fs duration, 1.5 µJ energy, 120
Hz rep. rate) were focused down to a 1.5×0.03 mm2 el-
liptical spot on the sample. The 1.55 eV pump pulses
(50 fs duration, 120 Hz rep. rate), also p polarized, were
generated with a Ti:sapphire amplifier and propagated
colinearly with the x-rays into the RSXS endstation, as
sketched in Fig. 1. The pump was focused down to a
2.0×1.0 mm2 spot in order to probe a homogeneously ex-
cited sample volume. The shot-to-shot temporal pump-
probe jitter was measured by means of a timing-tool32,33
and corrected by offline time sorting of the data. The
overall time resolution was approximately 130 fs, as de-
termined from the pump-probe crosscorrelation signal on
a polished Ce:YAG crystal. Shot-to-shot intensity fluc-
tuations from the FEL were corrected in the photodi-
ode data through a reference intensity readout before the
monochromator.
The scattered x-rays were detected either by an energy-
integrating avalanche photodiode (APD) on a rotating
arm located 17.3 cm from the sample, or by a modular
qRIXS grating spectrometer34 mounted on a port at 135◦
with respect to the incident beam. The latter enabled
energy-resolved measurements with a ∼ 0.7 eV energy
resolution (FWHM) when using the second order of the
grating. The spectrometer was equipped with an Andor
CCD camera operated at 120 Hz readout rate in 1D bin-
ning mode along the nondispersive direction. Prior to
further analysis and due to operation in a single-photon
detection regime, we filtered the readout noise and re-
tained only single- and double-photon events. The pump-
probe time delay was controlled both electronically and
through a mechanical translation stage.
III. RESULTS
A. Time-resolved RIXS data
In order to investigate the pump-induced order pa-
rameter dynamics, we performed time-resolved Cu L3/2
edge resonant inelastic x-ray scattering (tr-RIXS) mea-
surements as a function of momentum and time delay.
First, we measured the inelastic LBCO spectra along the
(H, 0, 1.5) r.l.u. momentum direction for selected time
delays [see Fig. 2]. In this work, we use the (H,K,L)
Miller indices in the tetragonal notation to define the
peak positions in momentum space. Panel (a) shows
three distinct features of the sample spectrum at equilib-
rium: two momentum-independent components at -1.7
and -6.0 eV, which are the dd/Cu2+ and charge-transfer
(CT) excitations respectively35, and a sharp elastic peak
located at H = 0.23, corresponding to the order param-
eter of the CO phase.
As the system is excited with approximately 0.1
mJ/cm2 pump pulses [corresponding to a peak electric
field of approximately 0.61 MV/cm, see Fig. 2(b)], its
intensity decreases by 60%, in line with previous pump-
induced charge-order melting measurements24,25. The
inelastic features appear mostly unperturbed. By inte-
grating the quasielastic peak in a 2.1 eV energy window
around the zero energy loss [see Fig. 2(c)], we are able
to separate the order parameter from the inelastic back-
ground and to quantitatively assess pump-induced line-
shape changes. The momentum-dependent elastic peak
is well described at each time delay t by a pseudo-Voigt
profile
I(q)
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where the first term represents a linear background, while
the second and third terms represent a Lorentzian and
Gaussian with linear mixing parameter f . The last two
terms share the same amplitude A and FWHM 2g.
A fit to the energy-integrated elastic peak reveals that
the FWHM broadens from (9.96± 0.58)× 10−3 r.l.u. to
(13.8 ± 1.2) × 10−3 r.l.u. The 40% broadening of the
elastic line implies that the pump generates defects (e.g.
dislocations) in the ordered phase, thus reducing the cor-
relation length ξ = 1/g from 201 A˚ to 145 A˚ . This defect-
mediated melting is qualitatively different from what was
observed in charge-ordered La1.75Sr0.25NiO4
18,19, thus
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FIG. 2. (color online) tr-RIXS spectra as a function of momentum transfer along the (H, 0, 1.5) r.l.u. direction (a) before, and
(b) after the pump arrival. (c) Momentum dependence of the integrated elastic line (between -1.2 and 0.9 eV) before and after
the pump arrival. Black dashed lines are pseudo-Voigt fits to the data. Error bars represent Poisson counting uncertainties.
suggesting different excitation pathways for 214 nicke-
lates and cuprates. The time-dependent evolution of
these defects obeys dynamical critical scaling, as dis-
cussed in Ref.29.
After being suppressed, the order parameter relaxes
back to equilibrium. tr-RIXS spectra at QCO =
(0.23, 0.00, 1.50) r.l.u. were acquired for a dense distri-
bution of time delays [Fig. 3a], then time sorted, and
rebinned offline in 400-fs steps to improve statistics. The
entire dataset has been acquired in approximately 200
minutes at full (monochromatized) FEL beam.
The time-dependent RIXS spectra confirm that the
pump only affects the quasielastic scattering associated
with the charge density modulation, without perturb-
ing dd or CT excitations. We fit the data to a three-
component function, independently for each time delay.
The CT excitations and the dd excitations are described
by two Lorentzians, while the elastic line is well captured
by a Gaussian, since its energy width is dominated by
the intrinsic 0.7 eV spectrometer resolution [Fig. 3(b)].
We note here that an additional 30-meV energy broaden-
ing of the spectral features due to the short x-ray pulse
duration is negligible when compared to the instrument
resolution.
The time-dependent fits reveal that the order param-
eter is not only suppressed by the pump [Fig. 4(a)], but
also exhibits a short-lived, 80 meV pump-induced red-
shift along the energy loss axis [Fig. 4(b)]. The inten-
sity, peak energy and width of dd [Fig. 4(d)-4(f)] and CT
excitations [Fig. 4(g)-4(i)] do not exhibit visible time-
dependent behavior within the fit uncertainties. The tail
of the dd/Cu2+ peak did not influence the elastic peak
position deduced from the fits (see Appendix for further
discussion). Due to the limited energy resolution, we can-
not conclude whether this phenomenon [visible in the raw
data shown in Fig. 3(c)] is due to an actual redshift of
the elastic line or to the creation of low-energy (~ω < 0.3
eV) inelastic excitations.
B. Evidence of photoinduced sliding
In addition to the energy redshift, the CO peak
also changes in momentum, as revealed by the tr-RIXS
data in Fig. 2(c). More quantitatively, the integrated
quasielastic peak moves by ∆q = QCO(t = 1 ps) −
QCO(t < 0) = −(1.11 ± 0.49) × 10−3 r.l.u. along the
(H, 0, 1.5) direction. To gain further insight, we re-
peat the measurement with an energy-integrating APD,
which enables an increased signal-to-noise ratio [see Fig.
5(a)]. Here we find a maximum pump-induced mo-
mentum shift ∆q ∼ 0.003 r.l.u., which is significantly
larger than the current-induced shifts reported in NbSe3
(∆q ∼ 0.0006 r.l.u.)6,9, and similar in magnitude to laser-
induced diffraction results in elemental Cr (∆q ∼ 0.002
r.l.u.)12. This shift occurs in the scattering plane, along
the H momentum direction, but not along the perpen-
dicular K direction29.
This pump-induced phenomenon could originate from
any of three possible effects: (1) a change in the sample
refractive index in the soft x-ray regime, which would al-
ter the measured Bragg reflection angle36,37, (2) a change
in the CO periodicity, or (3) a collective recoil of the con-
densate.
A pump-induced change in the refractive index would
also affect other diffraction peaks. However, we ob-
serve no corresponding pump-induced shift in the (0, 0, 1)
Bragg reflection of the low-temperature tetragonal struc-
ture [see Fig. 5(c)], thus ruling out this first possible
explanation.
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FIG. 3. (color online) (a) tr-RIXS spectra at QCO = (0.23, 0.00, 1.50) r.l.u. as a function of pump-probe time delay. The data
are binned in 400 fs time steps to improve statistics. (b) Fit components of the tr-RIXS spectra at QCO = (0.23, 0.00, 1.50)
r.l.u. The shaded red area is the Gaussian used to model the quasielastic scattering, while the two shaded blue areas are the
two Lorentzians capturing the dd and CT excitations respectively. (c) Zoom of the quasielastic scattering before (red) and
after (blue) the pump arrival. Data are shown as filled circles, while the red and blue dashed lines are fits to the data. The
solid black lines are the Gaussian components of the fit, and the black dashed line is the Lorentzian fit to the dd excitations.
Error bars are Poisson counting uncertainties.
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On the other hand, changes in the charge order peri-
odicity have been observed in a wide variety of systems
under the effect of external electric fields or currents6,9,12
and are ascribed to deformations of the density wave
modulation ρ(x), defined as
ρ(x) = ρ0 + ∆ρ cos(QCOx+ ϕ), (2)
where ρ0 is the background charge density, ∆ρ is the
CO modulation, x is the spatial coordinate, and ϕ is
the CO phase. Deforming the charge order modulation
is equivalent to introducing a spatial dependence in the
phase ϕ. To the lowest order, a linear gradient in the
phase ϕ(x) = ϕ0 + (∂xϕ)x is equivalent to altering the
charge order wave vector. In other words, the distorted
charge density modulation is likely to have the form
ρ′(x) = ρ0 + ∆ρ cos(QCOx+ ϕ0 + (∂xϕ)x)
= ρ0 + ∆ρ cos(Q
′
COx+ ϕ0)
(3)
with Q′CO = QCO + (∂xϕ).
In order to test this possibility, we rotated the sample
azimuthal angle φ by 180◦ and repeated the measure-
ment at the same wave vector QCO = (0.23, 0.00, 1.50)
r.l.u. under the same excitation conditions [see Fig. 6(a)-
(b)]. This is equivalent to changing the orientation of the
pump propagation axis with respect to the H crystallo-
graphic direction. In our geometry φ = 0 corresponds to
a pump propagating from positive to negative H values,
while φ = pi from negative to positive H. If the shift were
due to a periodicity change, such a rotation would not
affect the ∆q momentum shift as measured in the refer-
ence frame of the sample and it would be independent of
the pump propagation direction. Furthermore, the CO
reflection located at −QCO would shift in the opposite
5FIG. 5. (color online) Transverse momentum scan of the charge order peak along the (H, 0.00, 1.50) r.l.u. direction for a
selection of time delays. Dashed lines are fits using eq. 1. Dashed vertical lines mark the position of the peak at equilibrium
and for the maximum observed shift. Panel (a) shows data acquired at φ = 0, while panel (b) at φ ∼ pi. Note that the change
in momentum reverses sign between the two configurations. (c) Transverse momentum scan along the (H,0,1) direction of the
structural (0,0,1) Bragg peak before and after the pump arrival. The vertical dashed line marks the peak position before and
after the pump.
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FIG. 6. (color online) Azimuthal rotation of the LBCO crys-
tal. The QCO = (0.23, 0.00, 1.50) r.l.u. diffraction peak has
been measured in two configurations: (a) φ = 0, with the
pump propagating from positive to negative H, and (b) φ = pi,
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the condensate from the equilibrium diffraction peak (gray)
to the ∆q-shifted reflection (red, blue). (d) Diffraction peak
shift due to a change of the charge density periodicity (defor-
mation). Red and blue arrows indicate the direction of the
shift for φ = 0, pi, respectively.
direction, as shown in Fig. 6d.
Surprisingly, we instead observe a reversal in the momen-
tum shift [Figs. 6(c) and 5(b)], meaning the peak moves
in a fixed direction with respect to the propagation of the
pump, not the crystal axes, excluding a CO periodicity
change, either uniform or non-uniform. In other words,
the pump exchanges momentum ∆q with the conden-
sate along its propagation axis. In this scenario, the two
reflection at ±QCO are expected to move in the same
pump-dependent momentum direction [see Fig. 6(c)].
This reversal in momentum shift leads to the conclu-
sion that the pump induces a sliding motion of the CO
condensate with a uniform momentum ∆q or, equiva-
lently, creates a nonequilibrium population of collective
modes exhibiting a nonzero center-of-mass momentum.
If the condensate is coherently set in motion, the elastic
peak located at (QCO, ω = 0) will shift both in energy
and momentum (QCO±∆q, ω∓v∆q)38 and the direction
will be dictated by the applied field. This is, in essence,
a manifestation of the Doppler effect for a moving elec-
tronic system.
As this phenomenon is expected to exhibit a simulta-
neous shift of the elastic line by ∆ω = ∓v∆q38, where v is
the phason velocity of the CDW, one could naively iden-
tify the observed 80-meV RIXS redshift in Figs. 3(c) and
4(b) with such energy change. This would imply a con-
densate velocity v = ∆ω/∆q = 16 eV×A˚ (v = 2.4× 106
m/s), far greater than the nodal Fermi velocity vF ∼ 1.7
eV×A˚ (2.6× 105 m/s)39, which is regarded as a limiting
value for the electronic velocity of a CDW3. Given this
rather unphysical value, we conclude that the observed
energy redshift, characterizing the spectrum of the sliding
CO, is due to a distinct effect coexisting with the Doppler
shift. For example, it could be that the high-energy exci-
tation spectrum of a sliding CDW is different from that
of a CDW in equilibrium. Higher resolution RIXS mea-
surements with next-generation FEL instrumentation are
needed to determine its origin.
We finally comment on the CO peak relaxation. The
order parameter intensity equilibrates according to an
exponential behavior [Fig. 7(a)] with a time constant
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FIG. 7. (color online) Time-dependent CO peak fit parame-
ters at φ = 0 (red symbols) and φ ∼ pi (blue symbols). (a)
Pseudo-Voigt amplitude A, (b) CO peak position along the
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1/γ0 = (3.805 ± 0.031) ps29. However, a single expo-
nential fit to the time-dependent momentum shift [Fig.
7(b)] yields a recovery time of (2.13 ± 0.18) ps, in line
with the fast recovery observed in the quasielastic peak
energy shift in Fig. 4(b). This implies that the pump-
induced sliding does not follow the equilibration of the or-
der parameter and cannot be captured by a conventional
time-dependent Ginzburg-Landau description of the or-
der parameter dynamics29.
IV. CONCLUSION
In summary, we report evidence of unconventional pho-
toinduced dynamics in charge-ordered LBCO. By per-
forming both energy-resolved and energy-integrated res-
onant soft x-ray scattering, we discovered the existence
of a short-lived, nonequilibrium state, whose features are
compatible with a sliding CDW coherently set in motion
by the 1.55 eV pump pulses. This transient state is vis-
ible under mild excitation conditions (0.1 mJ/cm2) and
exhibits shifts in both the quasielastic line energy, and in
the momentum wave vector. We crucially observe that
the shift in momentum space tracks with the pump prop-
agation direction, unlike previous experiments in conven-
tional CDW systems. This feature is incompatible with a
simple pump-induced deformation of the charge density
modulation (e.g. by introducing a spatial phase gradi-
ent), which would not depend upon the pump orienta-
tion with respect to the sample. Therefore we interpret
this phenomenon in terms of a Doppler shift due to the
CO condensate moving with momentum ∆q. The obser-
vation that ultrafast laser irradiation coherently sets the
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CO in motion like a classical rigid body is unprecedented,
and provides a route to the coherent manipulation of elec-
tronic condensates at ultrafast timescales.
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Appendix: Influence of the inelastic features on the
quasielastic line shift
In Figs. 3 and 4, we report the observation of a 80-
meV, pump-induced redshift of the quasielastic line and
we characterize it with independent fits of the tr-RIXS
spectra at each time delay. All fit parameters reported
in Fig. 4 are free to vary during the optimization cycles.
In order to exclude the possibility of artifacts due to
the dynamics of the inelastic features and establish the
shift as a genuine physical phenomenon, we verified the
degree of correlation between the elastic line energy and
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FIG. 9. (color online) Fit parameters of the quasielastic line
for free (red) and fixed (gray) parameters of both dd/Cu2+
and CT lines.
the fit parameters for both dd/Cu2+ and CT lines (Fig.
8). All time delays cluster in a relatively symmetrical
distribution, thus reflecting a low degree of correlation.
This implies that the inelastic features have marginal, if
any, effects on the quasielastic line dynamics. Further-
more, we repeated our fits with fixed inelastic parameters
to evaluate the stability of our unconstrained fit proce-
dure. When fixing the inelastic fit parameters to their
mean values in Fig. 4(d)-4(i), we obtain the same elastic
line behavior and, crucially, the same 80-meV quasielastic
redshift (see Fig. 9). These tests confirm that the ob-
served transient, quasielastic CO redshift is a true physi-
cal effect and it is not affected by the tails of the inelastic
features of the LBCO RIXS spectrum.
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